Purpose Latissimus dorsi and teres major transfers to the lateral side of the humerus with lengthening of the pectoralis major and subscapularis muscles for residual shoulder deformity were compared in children and skeletally mature patients. Methods Fifteen patients (nine children, six skeletally mature patients aged three to 30 years, follow-up one to 22 years) were treated for internal shoulder contracture after birth plexus lesions: C5-C6 (seven patients); C5-7 (five patients); C5-C8-T1 (three patients, respectively). Range of movement, Mallet shoulder function score and radiographs were assessed. Results Pre-operatively, shoulder function restrictions were comparable in all patients. Postoperatively, external rotation, abduction and Mallet function score improved significantly (p< 0.05) in all patients except one. There were no differences in improvement between children and skeletally mature patients (p= 0.24-1.0). Conclusions This technique improves external rotation and abduction of the shoulder for daily living activities in children and young, skeletally mature, patients.
Introduction
The incidence of brachial plexus birth palsy (BPBP) differs according to regional obstetric care and increases with infant birth weight. An epidemiological study from the USA refers to an incidence of 0.15 % [1] , whereas a study from Finland refers to an incidence of 0.31 % [2] . Furthermore, the risk of injury of the brachial plexus is five times higher in breech delivery and may be bilateral [3] . Narakas' categorisation is generally used according to the location and severity of the plexus lesion [4] : Group 1, with an incidence of 73 %, represents the classic lesion of the upper plexus (C5-6, Erb's palsy), with initial absence of external rotation and abduction of the shoulder, elbow flexion and forearm supination; the prognosis for the rate of spontaneous recovery is reported to be as high as 75-95 % [5] . Group 2 comprises patients with C5-6 and C7 (extended Erb's palsy) involvement, with the absence of wrist and digital extension; the prognosis is poorer than for group 1 patients. Groups 3 and 4, with an incidence of 25 %, with the lesion of the entire plexus (C5-T1), flail extremity, with or without Horner's syndrome, have the worst prognosis. Multidisciplinary treatment initially includes physiotherapy with passive exercises to prevent joint contractures and strengthen the recovering muscles. In the most common upper trunk lesion, children who demonstrate significant recovery within two months usually recover normal function [6] . Incomplete recoveries in C5-C6 and C5-C7 palsies lead to shoulder muscle imbalance characterised by strong internal rotators and weak external rotators and abductors and subsequently lead to contracture of the internal rotators (pectoralis major, subscapularis, latissimus dorsi and teres major muscles). Clinical sequels are restrictions of external rotation and abduction of the extremity, with limitations to reaching the mouth and neck with the hand. Scapular winging, changes in coracoid process, humeral head flattening and glenoid deformity with possible glenohumeral joint posterior dislocation are the anatomical sequelae [7] . Active external rotation is crucial for upper-extremity function. Therefore, restoring external rotation in combination with shoulder abduction is generally recommended [6] [7] [8] [9] [10] . In congruent glenohumeral joints, muscle release and transfer are indicated. Latissimus dorsi and teres major muscle transfer to rotator cuff muscles is a common procedure [8] . We prefer to transfer these muscles to the lateral side of the proximal humerus to restore active external rotation, together with lengthening the pectoralis major and subscapularis muscles [9] . The aim of this study was to evaluate this method of treating residual shoulder deformities after BPBP in children and skeletally mature patients. The hypotheses were that the method can significantly improve the use of the extremity for daily living activities and that improved function following the procedure will be significantly better in children compared with in skeletally mature patients.
Patients and methods
Fifteen patients aged three to 30 years (nine children and six skeletally mature patients) were surgically treated between 1990 and 2012 for sequelae of BPBP (Table 1) and grouped according to the following lesion type: upper plexus, seven patients; extended upper plexus, five patients; complete plexus, three patients. All patients/parents gave informed consent prior to inclusion in the study. The follow-up period ranged from one to 22 years. Indications for treatment were age greater than three years; limited active external rotation; radiologically nondislocated glenohumeral joint; supple passive shoulder range of movement (ROM) except external rotation. Pre-operative and postoperative clinical evaluation comprised subjective and objective assessments: A subjective postoperative assessment was made by patients or their parents: 1= significant improvement (ability to easily reach mouth and neck with the hand); 2 = partial improvement (ability to reach mouth and neck but with difficultly); 3 = no improvement; 4 = deterioration to pre-operative status. For objective assessment, the global passive and active ROM (both scapulothoracic and glenohumeral) were measured using a goniometer, and active shoulder function was assessed with the use of a modified Mallet score [11] . In this classification, five different shoulder movements are evaluated: abduction, external rotation, placing the hand behind the neck, placing the hand as high as possible on the spine and placing the hand to the mouth. Each shoulder movement was subsequently graded on a scale of 1 (no movement) to 5 (normal function). The sum of the values determines the aggregate Mallet score. Single movements and aggregate Mallet scores of children and skeletally mature patients were statistically compared. Comparisons of means for continuous variables were performed using paired Student's t test with StatSoft, Inc. 2011 STATISTICA (data analysis software system), version 10. www.statsoft.com. P values were two-tailed, and the level of significance was set at p <0.05. Plain radiographs, and computed tomography (CT) scans beginning in 1998, of both shoulders were used preoperatively to categorise glenohumeral joint morphology according to Waters et al. [7] (Table 1) . Shoulder muscles were pre-operatively assessed electromyographically in 11 patients using concentric needle electrodes.
In a surgical procedure (Fig. 1) , tendons of the pectoralis major and subscapularis muscles were lengthened in Z-form; the joint capsule remained intact. In the second step, tendons of the latissimus dorsi and teres major were released from the crista tuberculi minoris and transferred between the periosteum and deltoid muscle to the lateral side of the humerus and fixed to the crista tuberculi majoris using bone suture or anchors. The extremity was then fixed in the shoulder spica at 45°of abduction and maximum external rotation for six weeks. Physiotherapy then followed at an in-patient department for one week and three months in an outpatient clinic. Standard protocol included passive and active ROM exercises and voluntary activation of the latissimus dorsi and teres major muscles. Patients were regularly followed clinically and radiologically in six-month intervals until two years after surgery.
Results
Demographic and clinical preoperative data are shown in Table 1 . All patients were unable to place the hand on the neck and were limited when bringing the hand to the mouth (Figs. 2a and 3a) . From shoulder movements, mainly external rotation was restricted to −14°on average in children [range 0-45°, standard deviation (SD) 15°] and −18°in skeletally mature patients (range 0-40°, SD 16°). Abduction varied widely and averaged >80°in children (range 20-160°, SD 35°) and 79°in skeletally mature patients (range 20-170, SD 67°). Pre-operative aggregate Mallet score ranged from 10 to 14 points, and all patients were enrolled in Mallet classification system group 2 or 3. The main restrictions of functions in the Mallet score were noted in both the external rotation and placement of the hand behind the neck (average 2 points), and placing the hand at the mouth (average 2.1 points in children and 2.3 in skeletally mature patients). There were no significant pre-operative differences in scored functions between groups (p= 0.23-1.00). On radiological examination, glenoid retroversion (grade 2) was present in 13 patients and glenohumeral joint subluxation in two (grades 3 and 4). Preoperative electromyographic examinations showed mostly reduced activity to grade 3-3.5 in the deltoid, supraspinatus and infraspinatus muscles. Activity of remaining muscles was reduced mostly to grade 4. In all cases, changes after denervation and reinnervation were described. Shortening of the upper extremity was noted in all patients and ranged from 1 to 3 cm. Results after treatment are noted in Table 2 and in Figs. 2b, 3b and 4. In the subjective assessment, eight patients improved significantly (reached the mouth and neck easily), and six improved partially (reached the mouth and the neck From the particular analysis and comparison of functions in children and skeletally mature patients using the Mallet classification system (Table 3) , all function improved significantly (p< 0.05) except abduction in skeletally mature patients (average 0.33 points, p= 0.17). In the children's group, external rotation improved most significantly (average 1.44 points, p= 0.0003), whereas in the skeletally mature group, placing the hand on the neck improved most significantly (average 1.5 points, p= 0.007). Improved Mallet scores for all functions were not significant between groups (p= 0.24-1).
The method failed in two patients in the children's group, and subsequent surgical procedures were necessary: transferred muscles had to be fixed to the humerus in patient 11; external rotation osteotomy was added due to posterior glenohumeral subluxation in patient 2, two years after initial treatment; except for in this patient, all glenohumeral joints remained radiologically centred. There were no other perioperative or postoperative complications.
Discussion
This retrospective study evaluated the results of a unified surgical procedure for treating residual changes in the shoulder after BPBP in children and skeletally mature patients. Our first hypothesis was confirmed because the majority of patients improved significantly in daily living activities. The second hypothesis was not confirmed, because there were no significant differences in improvement between groups.
Despite a low incidence of BPBP in regions with good obstetric care and the fact that spontaneous complete recovery is reported in the majority of cases in the first two months of life, 20-30 % of cases do not recover spontaneously [5] . Incomplete recovery of muscle function in the upper-trunk lesion leads to internal rotation contracture of the shoulder joint and to early dysplastic changes of the humeral head and glenoid, beginning at the age of six months [2, 7, 12] . Preventing these sequences includes conservative treatment such as targeted physiotherapy and botulin toxinum application [13] . Surgical procedures encompass muscle release and are often done endoscopically [14] [15] [16] ; however, the combination of tendon releases and muscle transfers are mostly used to reinforce external rotation or abduction, and eventually, rotation osteotomy and glenohumeral joint reduction are added. Lengthening pectoralis major and subscapularis muscles and transferring latissimus dorsi and teres major muscles, as described by Green and Tachdjian [9] as the combination of methods of Severe-L'Episcopo-Zachary, is preferred in our institution. Long-term satisfactory results have been published in larger series of patients [17] , but surgical techniques vary significantly. Furthermore, these techniques were described mainly in children, especially in adolescents [18] , whereas our cohort comprised six skeletally mature patients. Except for two failures in our study, the method improved shoulder Children  1  75  100  40  35  30 3  4  3  4  3  17  3.4  6  2  2  130  130  40  −5  60 4  2  2  3  3  14  3.2  2  2.5  3  150  150  40  25  60 4  4  3  3  4  18  3.6  7  2  4  90  90  20  20  0 3  3  3  3  4  16  3.2  5  2  5  80  80  30  30  20 3  4  4  3  4  18  3.6  7  1  6  8 0  8 0  2 0  1 0  3 0 3  3  3  3  3  1 5  3  5  2  7  90  80  30  5  20 4  3  4  3  3 function in both subjective and objective evaluations (Mallet score). The critical outcome of the surgical procedure is improvement in global external rotation, which improved by an average of 1.4 points in children and 1 point in skeletally mature patients; placing the hand on the neck improved most significantly (1.33 and 1.5 points, respectively) as the result of combined external rotation and abduction. Shoulder abduction improved by only 0.33-0.56 points, which can be explained as follows: (1) This procedure is aimed at reinforcing external rotation, with improved abduction as a secondary effect. (2) Patients had relatively good pre-operative global abduction. Radiological changes did not deteriorate after this procedure, but we did not particularly follow glenohumeraljoint remodelling. Most authors did not observe joint remodeling after tendon transfers, even when surgical procedures were done at an early age [17, 19] ; however, some authors describe glenohumeral realignment and glenoid retroversion remodelling after arthroscopic release of the anterior capsule and subscapularis tendon with tendon transfers [14] . In significant glenohumeral dysplasia and humeral head dislocation, glenoplasty or external rotation osteotomy of the proximal humerus is recommended [17, [20] [21] [22] . In our study, humeral osteotomy was additionally used in one patient due to external rotation failure. Some authors report deterioration of external rotation and abduction in long-term follow-up [23] [24] [25] . We did not see this complication in the follow-up, which ranged from 1 to 22 years, except for one failure. Furthermore, we did not see a significant loss in active internal rotation; such loss may impair the ability to reach the midline in front of the body [17] .
Most authors recommend repairing muscle imbalance early, in the second year of life, to prevent dysplastic changes [7, 10, 14, 17] . We recommend this method after the age of three, when cooperation of the child in the subsequent rehabilitation can be expected. According to our results, this method can also improve upper-extremity function for daily living activities and sports in older children and young adults when the glenohumeral joint is centred and passive ROM is not significantly restricted (except for external rotation) and latissimus dorsi and teres major activity is adequate. It is in concordance with the conclusions of Pagnotta et al. [23] and Ozturk et al. [18] that the clinical result is related with the type of paralysis and pre-operative shoulder function and not with age. However, those authors did not use reconstruction in skeletally mature patients. Most of our patients participated in some type of sport, which is in concordance with Bae et al. [26] .
Needle electromyography was used in 73 % patients in our study and offered useful information concerning muscle function. Reduced electrical activity was found in the most severely affected muscles (deltoid, supraspinatus, infraspinatus) and correlated with function. Because of incomplete data, these data are not shown. Electromyographic studies as part of surgical treatment evaluation are reported only exceptionally [27] . The infraspinatus muscle is described as the most important muscle for external rotation, and its electrical activity correlates with external rotation power and muscle volume on [27, 28] . In our opinion, the teres major and latissimus dorsi muscles should be examined before transfer. MRI offers a universal method for comparing shoulder morphology and functional potential of muscles [17] , but the necessity of using general anesthesia in preschool-age children represents a significant disadvantage. This study has the following limitations and the strengths: The first limitation is that it is a retrospective study of a relatively small group of patients; however, that can be explained by the small incidence of residual changes in the shoulder in the relatively small geographic study area with a population of ten million inhabitants. This is probably due to the high standard of obstetric care in the region. Van Kooten et al. [29] published results of nine patients only, for similar reasons. The second limitation is that surgical procedures were performed by two surgeons from one institution, so the effects of institutional bias may be possible. Study strengths are that all patients were treated using the same surgical method; and we also treated six skeletally mature patients. We found only one paper dealing with skeletally mature patients; however, that study used different operative techniques [30] .
In conclusion, transferring latissimus dorsi and teres major muscles to the lateral part of the proximal humerus combined with lengthening pectoralis major and subscapularis muscles represents a useful method for improving shoulder function for daily living activities after brachial plexus birth palsy. The method is useful in patients with nondislocated, relatively congruent, glenohumeral joints; functional results are comparable between children and skeletally mature patients.
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